Abstract: Uganda designated 16% of its land as Protected Area (PA). The original goal was natural resources, habitat and biodiversity conservation. However, PAs also offer great potential for carbon conservation in the context of climate change mitigation. Drawing on a wall-to-wall map of forest carbon change for the entire Uganda, that was developed using two Digital Elevation Model (DEM) datasets for the period 2000-2012, we (1) quantified forest carbon gain and loss within 713 PAs and their external buffer zones, (2) tested variations in forest carbon change among management categories, and (3) evaluated the effectiveness of PAs and the prevalence of local leakage in terms of forest carbon. The net annual forest carbon gain in PAs of Uganda was 0.22 ± 1.36 t/ha, but a significant proportion (63%) of the PAs exhibited a net carbon loss. Further, carbon gain and loss varied significantly among management categories. About 37% of the PAs were "effective", i.e., gained or at least maintained forest carbon during the period. Nevertheless, carbon losses in the external buffer zones of those effective PAs significantly contrast with carbon gains inside of the PA boundaries, providing evidence of leakage and thus, isolation. The combined carbon losses inside the boundaries of a large number of PAs, together with leakage in external buffer zones suggest that PAs, regardless of the management categories, are threatened by deforestation and forest degradation. If Uganda will have to benefit from carbon conservation from its large number of PAs through climate change mitigation mechanisms such as REDD+, there is an urgent need to look into some of the current PA management approaches, and design protection strategies that account for the surrounding landscapes and communities outside of the PAs.
Introduction
Forest lands designated as Protected Areas (PA) are often referred to as conservation areas in the form of national parks and forest reserves, where activities leading to forest loss are either illegal or highly regulated. In PAs, the rates of habitat and biodiversity loss are lower than that of the unprotected areas [1] [2] [3] [4] [5] . As a result, establishing PA has become one of the most important policy tools to halt biodiversity loss and ensure sustainable management of natural resources. Consequently, the United Nations Convention on Biological Diversity [6] recommends each country to establish and manage protected areas to conserve biological diversity. Following a progress towards Aichi Biodiversity Target 11 to protect at least 17% of the planet's terrestrial areas, the World Database on Protected Areas (WDPA 2014) recorded 209,000 PAs, designated as either National Parks, Forest Reserves, Wildlife-Sanctuary, Wildlife Reserve, Sanctuary or Community Wildlife Management Areas [7] .
Historically, PA establishment in Uganda had the objective to appropriate and govern natural resources, and provide wildlife and timber for the colonial interests; in addition, protection had been Contribution (INDC) [26] and REDD+ [13] , Uganda has the potential to benefit from effective management of its large number of PAs. National-level carbon emissions associated with forest cover changes were estimated in the recently developed Forest Reference Level (FRL) report to the UNFCCC [13] . The Ugandan FRL claims for the reference period of 2000-2015 that deforestation was insignificant in areas managed by Ugandan Wildlife Authorities and that the forest reserves have shown lower forest losses than that of private lands. The report, however, did not provide quantitative evidence regarding the effectiveness of the PAs in promoting carbon gain and avoiding carbon losses, particularly on the buffer zones of PAs. Few quantitative studies exist, if any, on the carbon benefits of the large number of Ugandan PAs. Such studies, when available, are limited to case studies on biodiversity and PA management, considering one or few national parks or forest reserves (e.g., [8, [27] [28] [29] ).
Quantitative assessment of carbon conservation in all PAs, in addition to advancing the science and practice of conservation, will support policy makers and practitioners in designing effective conservation strategies. This study draws on a wall-to-wall forest carbon change (above and below-ground) map of Uganda for the period 2000-2012 [30] , which in turn was derived from two medium-resolution Digital Elevation Model (DEM) datasets, namely the SRTM acquired in 2000 and TanDEM-X acquired around 2012 based on Interferometric SAR (InSAR). The study explores, for the first time, the performance of PA management in Uganda, in terms of forest carbon change within the boundaries and buffer zones surrounding the PAs. The specific objectives are: (1) to analyze carbon changes (gain and loss) within protected areas of Uganda during 2000-2012, (2) test variations in carbon loss and gain among and within PAs management categories, and (3) evaluate the effectiveness of PAs and the prevalence of local leakage in the buffer zones of PAs.
Materials and Methods

Study Area
The study covers 722 PAs with a total area of 34,000 km 2 , and the surrounding buffer zones of each PA. The PAs are grouped into five management categories, based on the managing authorities. These include 493 Central Forest Reserves (CFR), 9 reserved areas under Dual Joint Management (DJM), 191 Local Forest Reserves (LFR), 10 National Parks (NP), and 14 Wild Life Reserves (WLR), (Figure 1 ). There were, however, nine small PAs (under the CFR management category) located within and around Lake Victoria that were eliminated from the study because carbon gain/loss data were not available. The subsequent analysis thus consists of 713 PAs, all of which were established earlier than the year 2007. 
Data and Method
We obtained data for the location, shape and area of the 713 PAs from the World Resources Institute database, later used by the Ugandan National Forest Authority [13] . We extracted data on 12 years of forest carbon change as the sum of the above-ground and below-ground carbon for all PAs and their buffer zones from a wall-to-wall forest carbon change map of Uganda [30] . Svein et al. [30] estimated the below-ground carbon as 47% of the above-ground carbon, in reference to IPCC guidelines [31] . Unless specified, the forest carbon (the sum of above-ground and below-ground) will be hereafter referred to as carbon. The InSAR height changes were estimated from the SRTM Xand C-band DEMs acquired in year 2000 to a Tandem-X DEM based on acquisitions around 2012. Details of the processing and the product are described in Reference [30] . The wall-to-wall carbon change map had a 30 m spatial resolution, with the carbon change (gain or loss) (t/ha) estimated for 
We obtained data for the location, shape and area of the 713 PAs from the World Resources Institute database, later used by the Ugandan National Forest Authority [13] . We extracted data on 12 years of forest carbon change as the sum of the above-ground and below-ground carbon for all PAs and their buffer zones from a wall-to-wall forest carbon change map of Uganda [30] . Svein et al. [30] estimated the below-ground carbon as 47% of the above-ground carbon, in reference to IPCC guidelines [31] . Unless specified, the forest carbon (the sum of above-ground and below-ground) will be hereafter referred to as carbon. The InSAR height changes were estimated from the SRTM X-and C-band DEMs acquired in year 2000 to a Tandem-X DEM based on acquisitions around 2012. Details of the processing and the product are described in Reference [30] . The wall-to-wall carbon change map had a 30 m spatial resolution, with the carbon change (gain or loss) (t/ha) estimated for each pixel. Carbon change was estimated from changes in the height of the scattering phase center in the forest canopy together with the land cover type. However, carbon gains for each pixel were not attributed to sources, i.e., the carbon map did not identify whether carbon gains for an individual pixel are due to forest growth (forest remaining forest) or due to area expansion (non-forest converted to forest). Similarly, carbon losses for each pixel were not attributed to potential sources, deforestation or forest degradation.
We extracted carbon change data for buffer zones from concentric bands of 0-0.5 km, 0.5-1 km, 1-5 km and 5-10 km surrounding the boundary of each PA. Similarly, mean carbon change was estimated for the same intervals inside the PA boundaries. Figure 2 illustrates the methodology adopted for the construction of the concentric bands, inside and outside PA boundaries, for calculation of mean carbon change. For the construction of the concentric bands in the external buffer zones, areas that fall either on another PA, water bodies, or outside of the territories of Uganda were excluded. For those PAs where the inner buffers were not possible to construct (i.e., size of the PA smaller than the concentric band area), the mean carbon change for that concentric band was estimated as the mean carbon change for the entire PA. size of the PA smaller than the concentric band area), the mean carbon change for that concentric band was estimated as the mean carbon change for the entire PA. 
Statistical Analysis
Carbon change: Total carbon change (gain and loss) of each PA and within each concentric band for the period are estimated as the mean of individual pixel values scaled up to per ha (t/ha) multiplied by the area (ha) of each PA. We used one way analysis of variance (ANOVA) to test for differences in the mean carbon change among the five PA management categories (CFR, DJM, LFR, NP, WLR). Following ANOVA, we used Fisher's Least Significant Difference (LSD) for a pairwise 
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Effectiveness of a PA: Ideally, information on carbon stock before and after establishment of a PA may be appropriate to determine effectiveness of a PA management. Furthermore, effectiveness could be quantitatively measured against the objectives of the establishment of a PA. Information before PA establishment is not available and the purpose of PA establishments is not carbon sequestration or conservation. For this particular analysis, we thus independently defined effectiveness as follows. A PA is "Effective" if carbon has increased or maintained carbon stock during the monitoring period (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) , an approach similar to (e.g., [32] ).
Local leakage: A local leakage is when the impact of a protection inside the effective PAs may be associated with significant carbon losses in the surrounding areas [21] . Accordingly, leakage in an effective PA was considered present if the surrounding buffer zones had lost considerable carbon. Statistically, in this study, leakage is evident if the mean differences between the carbon gain inside the boundary of an effective PA and the loss in the corresponding outside buffer zones are significant. To evaluate the possibility of local leakage, we used pairwise t-test by management category comparing the differences in the mean of carbon changes between the internal and the corresponding external concentric bands. Three of the five management categories, DJM, WLR and NP consisted of only a few effective PAs n = 6, n = 8 and n = 5, respectively. Due to a low number of observations in these three cases, the samples cannot be assumed to be normally distributed, in which case the paired t-test may not be robust. Therefore, for these three PA categories, we used the exact Wilcoxon rank-sum test [33] , a non-parametric equivalent of the paired t-test. Table 1 summarizes the carbon changes in PAs of Uganda by management categories for the period 2000-2012. Owing to considerable differences in area size of the PAs (1-368,000 ha), we estimated an area-weighted mean annual carbon change. The area-weighted mean annual carbon change in PAs of Uganda for the period 2000-2012 was 0.22 ± 1.36 t/ha, estimated to a total carbon gain of 0.70 megatonnes (Mt) per year. Nevertheless, there is variation among management categories and among PAs within the same management category (Figure 3) . With an annual carbon loss and gain ranging from −16 t/ha to 13 t/ha, on average, NPs and WLRs gained carbon, while the CFRs, LFRs and DJMs lost carbon. In terms of numbers of PAs, 63% of the PAs lost carbon during the period and the majority (70%) of these were CFRs. Although, PA area sizes varied considerably, the rate of carbon loss or gain did not appear to depend on PA size (Figure 4 ). 
Results
Carbon Changes in PAs of Uganda
Variations in Carbon Changes among Management Categories
The results of ANOVA showed that the mean annual carbon change differed significantly (p = 0.007) among management categories. The LSD test for mean separation (Table 2) showed that the significant differences between management categories in carbon changes is largely due to differences between CFR and the rest of the management categories. 
The Effectiveness of PAs
Effective PAs are those that have had stable or increased carbon during the monitoring period of 12 years ( Figure 5, right panel) . The characteristics and proportion in terms of numbers and areas of effective and ineffective PAs by management types are shown in Table 3 . In terms of numbers of PAs, 263 PAs, (37% of total) were effective, and the majority of these are CFRs. In terms of area, however, effective PAs constitute 60% of the total PA area in Uganda, dominated by the management types WLR and NP (Table 3) . 
Local Leakage
We investigated local leakage for those effective PAs, namely PAs with net carbon gain inside their boundaries, and compared them with the net carbon losses detected in their corresponding external buffer zones (examples, Figures 6 and 7) . In all management categories, the external buffer zones of the effective PAs showed carbon losses (Table 4) . Paired t-tests comparing corresponding internal and external concentric bands (0.5-10 km) for LFR and CFR showed significant differences 
We investigated local leakage for those effective PAs, namely PAs with net carbon gain inside their boundaries, and compared them with the net carbon losses detected in their corresponding external buffer zones (examples, Figures 6 and 7) . In all management categories, the external buffer zones of the effective PAs showed carbon losses (Table 4) . Paired t-tests comparing corresponding internal and external concentric bands (0.5-10 km) for LFR and CFR showed significant differences (p < 0.01). This suggested a marked contrast between rates of changes in protected and unprotected areas just outside the boundaries of forest reserves, providing evidence of local leakage. The buffer zones of effective NP and WLR (e.g., Figure 6 ) have also shown carbon losses. For NP, mean differences are large, although not statistically significant (p > 0.05) ( Table 4) . On the contrary, those "ineffective" PAs, dominated by CFR (n = 333) and LFR (n = 128), lost as high as or even more carbon per unit area than their corresponding external buffer zones. Google Earth images for selected PAs were used to show the current status of selected PAs and extracts of Global Forest Watch forest cover change maps to show trends during the same period (Figures 6 and 7) . 
Discussion
Carbon Gain and Loss in PAs of Uganda
The estimated net carbon gain per annum of 0.22 t/ha, totaling 0.70 Mt, contrasts with the annual forest carbon loss of 1.4 Mt for the entire Uganda, estimated from the same data [30] , and a total annual carbon loss of 8.05 Mt estimated from forest areas excluding PAs [13] . This may suggest PAs in Uganda might have contributed to mitigations of carbon emissions during the period of 2000-2012, and that protection actually played an emission reduction role. Nevertheless, the wide range in annual carbon loss and gain (−16 to 13 t/ha) and also that only 37% of the PAs have gained carbon during the period, show that all PAs are not in a similar protection status. These suggest that the successes of PAs in terms of carbon conservation in Uganda are generally mixed. This is consistent with the results of a number of recent studies in rainforest areas and regions with a large number of protected area networks where protection produced mixed outcomes in terms of forest loss and gain [2, 3, 5, [35] [36] [37] . The uncertainty of these estimates is dependent on the uncertainty arising from data, models and methodology as described in Reference [30] . Future research should therefore quantify such effects of the uncertainty that arise from the data and methodology.
At the level of protection categories, on average, forest reserves (CFR and LFR) lost carbon while National parks and wildlife reserves have gained carbon during the monitoring period. On a PA by PA basis, and in terms of absolute carbon gain and loss, it is perhaps not surprising to find forest reserves at the top since forest reserves are located in areas of high carbon density and that each unit of deforested area translates into high carbon loss. Yet, LFR and CFR as a major source of carbon loss are an indication to the ineffectiveness of the PA management in high carbon forest areas in Uganda. This is consistent with earlier studies in East Africa, including Uganda [32] , which suggest that the other protection categories performed poorly as compared to national parks. MoWE [13] also reported that forest loss had been highest in forest reserves and almost nonexistent in wildlife reserves and national parks. The latter may have better protection than forest reserves, most likely because they benefited from tourism revenues that could be used to support and strengthen forest protections.
Furthermore, some national parks and wildlife reserves had often been under "hard-edged fortress features" [38] , following more strict protection denying any human access. Yet, the notion that forest loss is almost nonexistent in wildlife areas [13] is not supported by this study, because in the current study, 43% of the WLR and 50% of NP (see Table 3 ) have exhibited a net carbon loss during the period. These constitute about 55% of the total area of PAs that have lost carbon, showing protection being only partially "effective".
The drivers of deforestation and forest degradation within and outside the PA territories are complex and require more detailed scrutiny, particularly from the context of natural resources governance structure in Uganda, land tenure, and the socio-economic contexts within which the PAs are being managed. There exist a number of evidences suggesting that PA management in Uganda is inefficient in forest conservation. For instance [8] , about a third of all forests within the PAs of Mt. Elgon have been cleared between 1973-2013. The National Forest Authority of Uganda [13] also indicated that since recently, the threat against protected forests is greater than ever. The observed carbon losses are most likely attributed to lack of, or poor governance to manage an external pressure associated with the increasing human population in the country, where forest lands tend to serve as a source of new agricultural lands, and natural forests continue to be the single most important source of fuel wood and charcoal for household energy.
Prevalence of Local Leakage
A long history of forest conservation in Uganda has led to the establishment of a large number of PAs, typically housing the last remaining tropical rainforest and woodlands of biodiversity hotspots designated as forest reserves [11] . In terms of biodiversity conservation, this success may remain, but in terms of carbon conservation, the current study presented mixed results, with the majority (63%) of the PAs being ineffective. On the other hand, the remaining 37% of the PAs, 50% in terms of land area of all PAs, have gained carbon. Nevertheless, the carbon gain in those effective PAs, particularly that of CFR and LFR, contrasted strongly with the carbon losses in their buffer zones, indicating the prevalence of leakage. This evidence suggest that PAs, especially the forest reserves, regardless of PA size, are under pressure from manmade activities outside their territories, and these activities resulted in increasingly fragmented small-sized forest reserves that are increasingly surrounded by highly deforested and degraded landscapes. This further means that fortress type protection just inside PA boundaries might have caused clearing to concentrate just outside protected areas, making the overall net effect of protection uncertain. Other regional studies in East Africa [32] , and also globally [39] , have reported that human pressure is increasing faster and more forests are being lost in areas surrounding PAs.
We are aware that PAs are often established purposely in dense forests, higher elevations, steeper slopes or long distances to roads and settlements, particularly those that have been established many years ago. Our comparison of carbon changes inside of the boundaries with that of the corresponding buffer zones did not take into account the possible differences in land characteristics and possible biases of locations during establishment of PAs. Nevertheless, our personal experiences and recent observations of some selected PAs and discussions with forest authorities in Uganda suggest that due to high population growth and expansion in the surrounding landscapes, there are few PAs if any that are out of the reach of human activities. This is particularly so in Uganda, one of the most densely populated countries in sub-Saharan Africa. Most PAs in Uganda are characterized by high fragmentation and are surrounded by settlements and infrastructure as well as deforested agricultural landscapes [40] . Further evidence from the surroundings of Kibale national park [41] , shows that with a decade of increasing human population near buffer zones of protected areas, neighboring communal forest patches were reduced by half, although the forest cover within the boundaries of the protected areas were maintained. It is thus more likely that protected areas could be under pressure from deforestation and forest degradation, and thus face increasing fragmentation and isolation.
Implications to the Climate Benefits of Conservation
Forest protection in Uganda has historically been intended, primarily, for habitat and biodiversity conservation. Nevertheless, an increased focus on emissions reductions from the forest sector, in the context of climate change, provided an additional opportunity for protected areas, recognizing conservation as one of the five activities of REDD+ [17] . This study provided the first quantitative assessment of carbon changes most likely due to pressures such as deforestation and forest degradation, and protection leading to forest growth, across all PA management categories in Uganda. Such knowledge will contribute to understanding the climate change mitigation potentials of PAs and the effects of protection on the unprotected neighboring landscapes.
The net carbon gain estimated from PAs in Uganda, may suggest that PAs remain effective policy tools to reduce carbon emissions. Nevertheless, a large number and size of PAs in Uganda have lost a substantial amount of carbon. Most of the carbon rich PAs designated as forest reserves (CFR and LFR) appeared either ineffective or are associated with local leakage, when effective. Therefore, whether PAs in Uganda have been effective at conserving carbon remain inconclusive, making the climate benefits of PAs uncertain.
Lack of field measurements for the monitoring period or lack of other comparable estimates limit quantitative validation. However, visual comparisons using Google Earth images and Global Forest Watch products (e.g., Figures 6 and 7) , in support of our results, show that many PAs in Uganda are highly threatened. Future studies including field inventory data and history of PA management, might improve the reliability of the present estimates in carbon changes inside PAs and their buffer zones. Moreover, a number of factors could be responsible as agents or the drivers of deforestation and forest degradation, undermining the carbon benefits of conservation. This study, if augmented with an investigation of the drivers of forest changes, may serve to inform conservation or policy-level decisions, for instance, the opportunities that PAs may offer for achieving nationally determined contributions (NDCs) through mechanisms such as REDD+.
Because of the large number and large area coverage of PAs, Uganda can benefit in climate actions through: (a) effective protection to enhance forest carbon and reduction of emissions from deforestation and forest degradation in forest reserves that are losing carbon within their boundaries, and (b) improvements in protection strategies of those effective PAs, where carbon is gained within boundaries but lost through leakage in their buffer zones. Both cases require the need to consider the landscapes and communities surrounding PAs, avoiding the pitfalls of the current management in which most of the forest reserves appear as islands surrounded by deforested or degraded landscapes.
Protection is particularly challenging in countries such as Uganda with an already dense and rapidly growing human population, where forests are the single most important sources of household energy, and forest lands the last remaining fertile lands available for agricultural expansion. Mechanisms such as REDD+ may provide an additional incentive for the respective authorities and to the local communities to conserve the last remaining forests and initiate restoration of deforested or degraded landscapes in the vicinities of PAs. Conservation of PAs should, therefore, be combined with activities in the buffer zones such as (a) restoration, for instance through community woodlots for sustainable supply of wood fuel and charcoal; (b) promoting agroforestry where feasible, to improve productivity of farmlands to halt expansion into protected areas; and (c) designing mechanisms for the neighborhood communities on the carbon benefit sharing from conservation of PAs and to initiate actions to enhance carbon stock in the surrounding landscapes.
Conclusions
This study analyzed the carbon conservation benefits of PAs in Uganda in terms of carbon change inside PA territories, and carbon losses as leakage outside of PA territories. Such analysis may support policy makers to better understand the impacts of human activities on protected areas and guide protection of PAs for climate-related benefits. A large number and size of PAs and buffer zones in Uganda exhibited carbon losses. In particular, the protection approach of some of the carbon-rich forest reserves appeared either ineffective or is associated with local leakage. The observed carbon losses in many of the carbon rich PAs, such as tropical forest reserves, questions whether PA management approaches have been effective. Respective authorities may need to assess the current management approaches and design a 'win-win' strategy for the PAs, while considering the landscapes and communities surrounding the PAs. On the other hand, the net carbon gain from a sizeable number of PAs, particularly the national parks, suggests that protection remains one of the most effective policy tools to reduce forest loss or promote forest carbon gain in addition to protecting valuable landscapes and biodiversity. A more confident recommendation that would directly support PA managers and stakeholders to adopt policies that help mitigate forest loss and promote forest growth can be made by augmenting this study with investigation of the drivers of deforestation and forest degradation within and outside PA boundaries. Funding: This research received no external funding.
